An analysis of BMPs and their combined effectiveness at reducing nitrate-nitrogen export to the Black Hawk Lake Watershed, Iowa by Van Der Woude, Katherine
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2018
An analysis of BMPs and their combined
effectiveness at reducing nitrate-nitrogen export to
the Black Hawk Lake Watershed, Iowa
Katherine Van Der Woude
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Sustainability Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Van Der Woude, Katherine, "An analysis of BMPs and their combined effectiveness at reducing nitrate-nitrogen export to the Black
Hawk Lake Watershed, Iowa" (2018). Graduate Theses and Dissertations. 16681.
https://lib.dr.iastate.edu/etd/16681
 An analysis of BMPs and their combined effectiveness at reducing nitrate-nitrogen export 
to the Black Hawk Lake Watershed, Iowa 
 
by 
 
Katherine G. van der Woude 
 
 
A thesis submitted to the graduate faculty in partial fulfillment  
of the requirements for the degree of 
MASTER OF SCIENCE 
 
 
Major: Sustainable Agriculture 
 
 
 
 
 
Program of Study Committee: 
Michelle L. Soupir, Major Professor 
Amy Kaleita-Forbes 
Michael Castellano 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this thesis. The Graduate College will 
ensure this thesis is globally accessible and will not permit alteration after a degree is conferred. 
 
 
Iowa State University  
 
Ames, Iowa 
 
2018 
 
 
 
 
 
 
Copyright © Katherine G. van der Woude, 2018. All rights reserved.  
  
ii
 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS………………………………………………………………………iv 
 
ABSTRACT……………………………………………………………………………………….v 
 
CHAPTER 1: INTRODUCTION…………………………………………………………………1 
CHAPTER 2: LITERATURE REVIEW………………………………………………………….5 
 2.1. Regional Water Quality Issues……………………………………………………..…5 
 2.2. Nitrogen in Water…………………………………………………………………….6 
 2.3. Nitrogen in Soils..…………………………………………………………………….7 
 2.4. Nitrogen Dynamics in Agroecosystems………………………………………………9 
 2.5. Environmental and Human Health Impacts of Nitrogen……………………………10 
 2.6. Best Management Practices………….…………………………………………..….11 
  2.6.1. Edge-of-field BMPs………….……………………………………………12 
  2.6.2. In-field BMPs……….……………………………………...……………..14 
CHAPTER 3: AN ANALYSIS OF BMPs AND THEIR COMBINED EFFECTIVENSS AT 
REDUCING NITRATE-NITROGEN EXPORT TO THE BLACK HAWK LAKE 
WATERSHED, IOWA…………………………………………………………..........................18 
 3.1. Introduction…………………………………………………………….……………18 
 3.2. Materials & Methods………………………………………………………………..20 
  3.2.1. Watershed Characteristics…………………………………………………22 
  3.2.2. Monitoring Sites ……………………………………………………….…23 
  3.2.3. Subwatershed Comparison………………………………………………...25 
  3.2.4. Data Collection……………………………………………………………26 
  3.2.5. Sample Analysis ……………………………………………..……………27 
  
iii 
 3.3. Results……………………………………………………………………………….31 
  3.3.1. Precipitation……………………………………………………………….31 
  3.3.2. Hydrology Patterns……...……………..………………………………….32 
  3.3.3. Flow-Analyte Relationship………………………………………………..33 
  3.3.4. Flow Exceedance Curves………………………………………………….36 
  3.3.5. Unit-Area Loads……………………………………...……………………37 
  3.3.6. Cumulative Loads…………………………………………………………39 
 3.4. Discussion …………………………………………………………………………..43 
  3.4.1. Site Evaluation ………………………..…………………………………..43 
  3.4.2. Temporal Variability …………………………………………………..….43 
  3.4.3. Impact of Multiprocess BMPs………………………………………….....44 
CHAPTER 4: CONCLUSION……………………………..…………………………………....47 
 4.1. Conclusion………………………………………………………...………………...47 
 4.2. Future work………………………………………………………………….……....49 
REFERENCES…………………………………………………......……………………………50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
iv
ACKNOWLEDGEMENTS 
 
 I would like to thank all those who have provided support during my studies at Iowa 
State, particularly my advisor, Dr. Michelle Soupir, whose guidance, expertise and moral support 
were extremely appreciated throughout my program. The support of her research group, Leigh 
Ann Long, Conrad Brendel, Tim Neher and Ji Yeow Law was invaluable. Partnership with Iowa 
Department of Natural Resources, especially Jason Palmer, who was very helpful with the many 
nuances of fieldwork, and Black Hawk Lake Watershed coordinator Thomas Lynn, who 
provided ground support and material regarding the community and farmer attitudes and 
engagement within the watershed. Funding for this project was provided by the Environmental 
Protection Agency, Region 7 Section 319 of the Clean Water Act. I would like to acknowledge 
those on my examination committee, Dr. Michael Castellano and Dr. Richard Schultz who both 
encouraged and inspired my choice to pursue my masters of science and especially Dr. Amy 
Kaleita-Forbes, who stepped in last minute to evaluate my research.  
In addition, I would also like to recognize my wonderful lab mates, friends and family 
who provided support, encouragement, and much needed adventures and distractions during my 
time at Iowa State University. I could not have done this without each of you. Thank you.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
v
ABSTRACT 
 
 
Subsurface tile drainage systems have transformed Iowa’s prairie pothole ecosystem, 
enabling the United States Corn Belt to become one of the most agriculturally productive areas 
in the world; however, an unintended consequence has been increased nitrogen losses to surface 
waters. The literature contains numerous field and plot studies focusing on a single practice, but 
catchment-scale studies of multi-process best management practices (BMPs) are lacking, which 
mirrors the rarity of these alternative management practices on the landscape. Nitrate losses were 
monitored at five sites, two surface, two tile outlets, and a grass waterway, in three 
subwatersheds of Iowa’s Black Hawk Lake Watershed over a 3 yr. period. The objectives were 
to quantify NO3-N export patterns at the subwatershed scale and discuss relationships between 
precipitation, flow, BMP implementation, and NO3-N losses to better inform water quality 
improvement goals. Subwatersheds ranged in size (221.2 - 882.5 ha) and have varying levels of 
BMP implementation (22.5 - 87.5 % aerial extent). BMPs include grass waterways, native 
perennial CRP vegetation, nutrient management plans, reduced tillage, terraces and cover crops. 
Subwatersheds with low BMP implementation had NO3-N load estimates of 52-170 kg ha-1 yr-1 
while sites with high BMP implementation experienced unit-area NO3-N load estimates of and 
26-128 kg ha-1 yr-1. Overall, water yields were in range within Iowa and the upper Midwest, but 
associated NO3-N concentrations and losses were among the highest reported, in part due to an 
extremely high precipitation year in 2015. Over the study period, high BMP sites observed 64% 
less NO3-N export compared to low BMP subwatersheds, and experienced lower mean NO3-N 
concentrations for all years of the study.  A consistent result for all subwatersheds was high 
losses early in the year. With variable spring weather patterns which favor more frequent and 
more intense storms early in the growing season, management approaches need to be designed to 
address early season NO3-N losses associated with higher flows. 
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CHAPTER 1: INTRODUCTION 
 
 
Nonpoint source (NPS) pollution is a major cause of surface water impairment in the 
United States and is directly related to hypoxia in the Gulf of Mexico (Slamdot 2016). Nutrient 
enriched water increases net primary productivity where elevated respirations leads subsequent 
hypoxic conditions, where oxygen levels are insufficient to support life (T. C. Daniel 1998, 
NOAA 2015). The dead zone poses a serious threat to aquatic ecosystems as well as the 
economic structures based on a framework of provisioning ecosystem services (Tegtmeier E 
2004).  The effects of NPS pollution are not only evident in the Gulf, but in Iowa’s surface water 
bodies as well (CARD 2005).  
Iowa surface water bodies continue violate water quality standards. In compliance with 
Section 303(d) in the Clean Water Act (US EPA 2016), Iowa listed 571 impaired water bodies 
with a total of 754 impairments (IDNR, 2015). The most frequently identified causes for stream 
and river impairments are indicator bacteria (E. coli), biological impairments and fish kills. For 
lakes, the impairments are largely attributed to algal turbidity, pH (related to algae), suspended 
sediment, and indicator bacteria (E. coli) (IDNR, 2015). Generally, productivity of coastal waters 
is limited by nitrogen (N) while phosphorus (P) is the limiting nutrient in lakes (Kalff, 2002). 
However, it is difficult to control these systems by limiting a single nutrient because the N and P 
cycles are vulnerable to change from agricultural inputs (Sharpley, Kleinman et al. 2001, 
Cassman, Dobermann et al. 2003, Álvarez, Valero et al. 2017). 
There are two primary inputs of N to surface waters: surface runoff and artificial 
subsurface drainage primarily in the form of NO3–N Artificial drainage has transformed the the 
Des Moines Lobe from wetland, swamps and prairie, to some of the most fertile agricultural land 
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in the world. Cultivation of poorly drained soils for corn (Zea mays L.) and soybean [(Glycine 
max (L.)] production would not be viable if not for the induction of subsurface tile drainage 
systems (Green, Tomer et al. 2006). Iowa contains 12.6 million tile drained acres across 23.3 
million acres of corn and soybeans, the most of any State (USDA 2016, NASS 2018).  Tile 
drains enable row crop production and improved yields in poorly drained soils by lowering the 
water table, thereby limiting saturation of the root zone to prevent plant asphyxiation. Drainage 
also improves field conditions for planting and harvesting equipment (Zucker and Brown, 1998). 
However, these underground tiles and surface intakes provide a direct pathway for nutrients to 
enter surface waters and discharge from tile drainage systems regularly shows high 
concentrations of N and other farm inputs. 
Nitrogen enters drainage waters through two primary pathways; 1) leaching to the 
shallow groundwater through the soil matrix, and 2) preferential flow through macrospores.  
Studies have reported NO3-N exported by river systems ranged between 20-50% of the net N 
inputs to the watersheds (Drinkwater 2009). A paired watershed study located within Lyons 
Creek watershed, North Central Iowa, observed average NO3–N concentrations of 14.7 mg N L-1 
and maximum concentrations of 29.3 mg N L-1 in a 250  ha watershed over a two year period 
(2009-2010) (Schilling, Jones et al. 2013). Another study of tile N concentrations observed 
average loads of 44 kg NO3–N ha-1 and maximum NO3–N loads of 109 kg ha-1 (Zhao, 
Christianson et al. 2016). 
There is evidence that land management changes at the watershed-scale can positively 
affect water quality (Álvarez, Valero et al. 2017). Agricultural best management practices 
(BMPs) are methods in agricultural land management that can be channeled towards achieving 
multiple positive environmental outcomes, including water quality improvement. A wide variety 
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of agriculture BMPs exist, including in field and edge of field strategies (IDALS 2016). Long-
term agroecosystem studies, demonstrate potential for land management practices that re-couple 
C and N cycles that improve N retention and are supported by ecological and biochemical theory 
(Schilling and Wolter 2007, Drinkwater 2009).  BMPs also function to help safeguard other 
ecosystem functions such as carbon sequestration, and providing wildlife and aquatic habitat. 
Little research exists on multi-process BMPs potential to effect water quality in small and mid-
sized watersheds (Mulvaney, Khan et al. 2009).  
Targeted BMPs such as wetlands, are effective in reducing total phosphates by 20 to 60% 
(Beutel, Morgan et al. 2014).  As water slowly travels throught he wetlands, 19 to 90% of 
nitrates can be removed from effluent water (Dinnes, Karlen et al. 2001) (Easton, Walter et al. 
2008). Perennial plant cover, including riparian buffers, filter strips, and other CRP plant 
community practices have been shown to influence the amount, timing and pathway of water, 
sediment, and nutrients during vulnerable leaching periods in the spring and fall (Schilling and 
Wolter 2007, Zaimes and Schultz 2015, Osborne 2016).  
The objective of this study is to evaluate the effects of BMP implementation on NO3-N 
export in drainage water. Specifically, this study expands on previous work by 1) partitioning 
nitrate loads by their event and base flow contributions; 2) evaluating the effectiveness of BMP 
implementation at the watershed scale via paired subwatersheds; and 3) comparing nitrate 
concentrations and loads in drainage vs. surface pathways. Given the context of industrial 
agriculture’s position in Midwest farm systems and limited funds for water quality improvement 
projects, BMPs are the principal way of modifying land management practices on croplands to 
reduce erosion and nutrient runoff. An increased understanding of the effects of multiple BMP 
implementation on NO3-N losses during a range of flow conditions will help farmers retain and 
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recycle nutrients in the field and could identify target areas to best allocate resources for water 
quality improvement projects.  
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CHAPTER 2: LITERATURE REVIEW 
2.1. Regional Water Quality Issues 
Water quality impairments due to nutrient over enrichment are of increasing concern and 
the U.S. EPA is recommending that states adopt numeric criteria for nitrogen, phosphorus, and 
clarity. Iowa surface water bodies continue to violate water quality standards. In compliance with 
Section 303(d) in the Clean Water Act (US EPA 2016)  Iowa listed 571 impaired water bodies 
with a total of 754 impairments in 2015 (IDNR, 2015). Biological impairments such as E.coli, 
and fish kills are the most frequently identified causes for stream and river impairments.  For 
lakes, the impairments are largely attributed to algal turbidity, pH (related to algae), suspended 
sediment, and indicator bacteria (E. coli) (IDNR, 2015).  
Most of Iowa’s public water supply is provided from ground water (55%), the remaining 
45% of the population is supplied with surface water (Gipp, 2016). The Raccoon River, along 
with shallow groundwater aquifers, supply water to over 500,000 central Iowans.  Water 
treatment facilities are tasked with the responsibility of providing safe water that meets the 
Environmental Protection Agency’s (EPA) drinking water criteria. The EPA maximum 
contamination level for nitrate is 10 mg N L-1 (US EPA 2016). Since 1970, mean annual nitrate 
concentrations in the Raccoon River watershed have been increasing in spite of no significant 
change in N fertilizer use for the past 15 years and in recent years, concentrations spiked above 
18 mg N L-1 (Hatfield, McMullen et al. 2009). In 1991, Des Moines Water Works (DMWW) 
constructed a 4.1 million dollar nitrate removal facility in order to comply with the EPA drinking 
water standard and provide safe drinking water to over 500,000 consumers. At the time it was the 
largest nitrate removal facility of its kind of the world. However, increased demand and 
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seasonally high nitrate levels have called for additional nitrate removal capacity and is of 
economic and environmental concern (Stowe 2016).  
In 2008, Iowa’s Nutrient Reduction Strategy made an attempt to address point and non-
point source pollutants from getting into the waterways. In collaboration with experts and 
agencies, their assessment determined a target goal of reducing nitrogen export by 41% and 
phosphorus by 30% (Kling 2013). The extent and level of conservation actions needed to achieve 
their target is site specific and requires an integrated approach. There is evidence for the need to 
develop management practices that positively affect water quality, which include all components 
of farming systems rather than only focusing on fertilizer timing and application rate. The 
success of the Nutrient Reduction Strategy relies on the participation of Iowa farmers and a 
partnership between Iowa agencies, the Department of Natural Resources and The Department of 
Agriculture and Land Stewardships and Iowa State University in order to help implement 
widespread sustainable agriculture practices (2016, IDALS 2016).  
2.2. Nitrogen in Water 
Nitrogen (N) in water can occur in several forms: nitrate (NO3 -), ammonium (NH4+), and 
organic nitrogen, which are the most prone to loss from farm fields into the atmosphere or 
leached into water sources. Land use, hydrology, soil properties, temperature and precipitation 
also affect N losses (Charles Munch and Velthof 2007, Schilling and Wolter 2007). Subsurface 
tile drains installed below the root zone and aboveground surface intakes, lower the water table 
and remove excess soil moisture. Subsurface drainage allow fields to dry faster for timely field 
operations in seasonally and perennially wet locations, prevents excessive soil water conditions, 
provides salinity control in irrigated areas, and increases nutrient uptake of crops by creating a 
well-aerated root environment (Daniel T.C. Sharpley 1998). Although drainage provides many 
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documented benefits to crop production, it also has been identified as a major source of NO3-N 
entering surface waters in many areas of the United States (Gentry, David et al. 1998, Zhao, 
Christianson et al. 2016).  A number of watershed and regional-scale N budgets have found that 
fertilizer inputs of N correlate with the export of nitrate in water (Gentry, David et al. 1998, 
Schilling, Iowa Geological Survey et al. 2008, Schilling, Jones et al. 2013, Ikenberry, Soupir et 
al. 2014). 
2.3. Nitrogen in Soil 
Nitrogen (N) is present in the soil in two major forms: inorganic mineral N, or as soil 
organic matter. Components of soil N include inorganic fertilizer and or manure application, 
plant residue, soil organic matter, atmospheric deposition, legume N-fixation, and free-living 
non-symbiotic N-fixing bacteria (Castellano 2012). Organic N typically contains 90% of all N in 
soil (GRDC 2013).  In this form it is not directly available to plants. It must first be converted to 
either soluble organic compounds, such as amino acids, or inorganic forms, such as ammonium 
(NH4+), or nitrate (NO3 -), before it is available for plant uptake (Charles Munch and Velthof 
2007).  However, these inorganic forms are also subject to losses from the soil to the atmosphere 
or leached from the system.  
Maintaining soil organic matter (SOM) increases plant productivity by enhancing soil 
water holding capacity and nutrient retention (Poffenbarger, Barker et al. 2017).  Furthermore, N 
bound to carbon (C) in SOM is frequently the largest source of N for the crop and the largest 
sink of N fertilizer in Iowa corn cropping systems (Mulvaney, Khan et al. 2008, Drinkwater 
2009). The mineralization (release) of N from the organic pool is regulated by the biological 
activity of microorganisms who use SOM as a source of C (Charles Munch and Velthof 2007). 
Throughout the decomposition process, N can either be immobilized in soil microbial biomass or 
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released as NH4+ and NO3-. The ratio of C to N in plant residues, plus additions of N fertilization, 
as well as temperature and precipitation, strongly affect N transformations in soil (Mulvaney, 
Khan et al. 2008, Poffenbarger, Castellano et al. 2012, Barker et al. 2017). 
Nitrogen can be lost from soils through plant uptake and biomass removal, volatilization, 
leaching and denitrification (GRDC 2013). The majority of N is removed from the soil system in 
grain.  In central Iowa one hectare of crop ground produces about 11.9 Mg ha-1 of corn (177 bu 
ac-1) containing about 112 kg N ha-1 (100 lb. N ac-1) removed in grain and a hectare of soybeans 
produces about 3.42 Mg ha-1 (51 bu ac-1) with about 185 kg N ha-1 (165 lb. N ac-1) removed in 
grain (Castellano 2012, NASS 2018). Soybean obtain the majority of their N from a symbiotic 
relationship with atmospheric N-fixing bacteria found in their root nodules. Following N 
fertilizer application volatilization may occur under warm moist conditions and is lost from the 
soil system as ammonia gas. As water leaches through the soil profile and if no living plants are 
present to utilize it, rains carry NO3-N towards streams and groundwater resources. Losses are 
typically highest in warm temperatures following heavy rain and low evaporation (Drinkwater 
2009). Under waterlogged conditions, denitrification occurs as microbes obtain oxygen via the 
conversion of NO3- into N2. Incomplete denitrification may also produce nitrous oxide (NO), 
nitric oxide (NO2), and di-nitrogen (N2O) (Charles Munch and Velthof 2007). 
In Midwestern agroecosystems, NO3- leaching is correlated with N additions, which 
suggests that sinks for nitrate are saturated (Drinkwater and Snapp 2007). In these large-scale 
studies, NO3-N exported by river systems ranged between 20-50% of the net N inputs to the 
watersheds (Drinkwater 2009). Data suggests that the variability in reporting is due to flow 
conditions which suggests an understanding the hydrology of a region is necessary in 
determining N cycling processes (Kelley, Keller et al. 2013, Schilling, Jones et al. 2013, 
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Ikenberry, Soupir et al. 2014). 
2.4. Nitrogen Dynamics in Agroecosystems 
Artificial subsurface drainage has transformed the Upper Midwestern United States. 
What was once wetlands, prairie and riparian forests, is now some of the most fertile agricultural 
land in the world with the use of artificial subsurface drainage (Green, Tomer et al. 2006). Iowa 
leads the nation in subsurface tile lines with 12.6 million tile drained acres (USDA, 2016). Tile 
lines installed below the root zone with or without aboveground surface intakes effectively 
lowers the water table and removes excess soil moisture enhancing7 crop productivity (Zucker 
and Brown, 1998). However, these underground tiles provide a direct pathway for nutrients to 
enter surface waters and decreased resonance time reduces the ability of plants and soil microbes 
to utilize the available N which is lost from the system. Discharge from tile drainage systems 
regularly shows high concentrations of NO3–N and other farm inputs (Zhao, Christianson et al. 
2016)(Lawler et al 2008).  
Nitrogen fertilizer applied to agricultural land comprises more than 50% of the global 
NO3-N load attributable to human activities (Cassman, Dobermann et al. 2003). Corn and 
soybean production dominate Iowa’s agroecosystem with 13.3 million acres of corn and 10 
million acres of soybeans planted in annually (NASS 2018). As a result, industrial agriculture 
has greatly altered the N cycle (Merem, Yerramilli et al. 2011, Wolf, Noe et al. 2008). Yield-
based fertilizer N recommendations for corn are derived from the mass balance approach, usually 
assuming 1.2 pounds of N fertilizer for every expected bushel per acre, however some have 
questioned yield goal derived recommendations (Sawyer et al., 2006). There is substantial 
evidence that crop N requirement can vary widely both among and within fields (Lory 2003) 
(Poffenbarger, Barker et al. 2017)(Cerrato et al 1990)(Stevens 2005).  
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Typical corn N use for 11.9 Mg ha-1 (177 bu ac-1) corn is 165 lb. N ac-1 yr-1 and soybean 
yields of 3.42 Mg ha-1 (51 bu ac-1), is typically 258 kg N ha-1 (230 lb. ac-1 yr-1) (Castellano 2012, 
2013, NASS 2018). Applying fertilizer based on Maximum Return to Nitrogen focuses on the 
economically optimum N rate based on projected corn and fertilizer costs (ISU, 2017).  This 
method neglects to account for the losses experienced prior to crop uptake or peak N demand and 
does not address the portion of N fertilizer converted to soil N or microbial biomass (Cassman 
2002). Conventional mono-cropping has reduced the period of living plant cover on the 
landscape, which has in turn, reduced the amount of C that is fixed, reduced the amount of N that 
is assimilated, and has lowered stocks of SOM (Mulvaney, Khan et al. 2009). In addition, 
variable precipitation patterns and pulse additions of N fertilizer affect agroecosystem nitrogen 
dynamics and lower SOM stocks (Metre, Frey et al. 2016). With fewer cover crops or perennials 
in rotation, Midwest agroecosystems systems typically leach NO3− from nitrified NH4+ fertilizer 
applied in the fall (Stevens 2005).  
2.5. Environmental and Human Health Impacts of Nitrogen 
Anthropogenic activities have increase N and P concentrations in surface water bodies 
which contributes significantly to lake eutrophication (Álvarez, Valero et al. 2017). 
Eutrophication impairs surface water use for drinking, industry, recreation, and fisheries due to 
excessive growth of algae and aquatic plants and the oxygen shortages caused by their 
senescence and decomposition (T. C. Daniel 1998). Blue-green algae in drinking water supplies 
can have serious human health implications. Toxins in blue-green algae include hepatotoxic 
peptides, neurotoxic alkaloids, saxitoxin derivatives, a cytotoxic alkaloid, allergens, and 
lipopolysaccharides; these toxins can cause liver injury in dialysis patients, resulting in death. In 
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addition, recreational exposure to blue-green algae can result in illnesses ranging from acute 
pneumonia and hepatoenteritis to skin irritation and gastroenteritis (Falconer 1999). 
The U.S. Environmental Protection Agency has set a drinking water standard of 10 
milligrams NO3–N per liter to prevent methemoglobinemia, or blue-baby syndrome, a life-
threatening condition that decreases the blood’s ability to carry vital oxygen through the body 
(IEC 2016). This presents a significant challenge for public drinking water suppliers that are 
required to maintain the standard. Many Iowans rely on private wells that are unregulated and 
often untested. In addition, public health research suggests the human health impacts of N 
pollution go beyond blue-baby syndrome. A number of studies suggest links between elevated 
NO3–N concentrations in drinking water and other health issues, including birth defects, cancers, 
thyroid problems and a variety of other health concerns (Ward 2009). 
2.6. Best Management Practices 
Many best management practices (BMPs) work to lessen the impacts of agricultural 
practices on the environment. BMPs have combined effects of reducing nitrate, phosphorous, 
and sediment loads into steams in the context of an intensively managed, agricultural landscape 
(Secchi 2008). Many of the BMPs that are examined in this study are eligible for farm bill 
funding through programs like Environmental Quality Incentives Program, Conservation 
Reserve Program, and other similar programs (IDALS 2016). Iowa is the top receiver of federal 
conservation payments (Slamdot 2016). Policy makers and donors agree that there is an urgent 
need to identify which conservation approaches are most likely to succeed in order to use more 
effectively the limited resources available for conservation (Kapos, Cambridge Conservation 
Forum et al. 2008). In-field management strategies work to time N cycles more efficiently with 
crop growth requirements. Such tactics include the timing, method and rate of fertilizer 
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application as well as cover crops, terraces, and reduced tillage. Edge-of-field approaches trap 
nutrients and sediment from entering water bodies. Some strategies include CREP wetlands, 
buffers, and sediment controls (Williams, King et al. 2016). 
 The lack of research on multi-process practices mirrors how rare these alternative 
management practices are on the landscape. Yet, the potential for practices that re-couple C and 
N cycles to improve N retention is supported by ecological and biogeochemical theory and long-
term agroecosystem studies (Clark et al. 1998, Drinkwater et al. 1998). Combined monitoring 
and modeling indicate the most effective best management practices for better insights into the 
effectiveness of water quality protection efforts (Easton, Walter et al. 2008). Farmer adoption 
rates can be improved by focusing on the generally consistent determinants of agricultural BMP 
adoption. Education levels, income, acres, capital, diversity, labor, and access to information 
generally lead to higher adoption rates (L.S. Prokopy 2008) 
2.6.1. Edge-of-field BMPs 
Wetlands are comprised of hydric soils, exhibit extended periods of saturated conditions, 
and contain vegetation adapted to live in its environment (US EPA 2016). Wetlands play an 
intricate role in the ecosystem providing wildlife habitat, water purification, soil deposition, 
carbon sequestration, nutrient cycling, ground water recharge, flood prevention and in some 
instances subsurface flow. The Conservation Reserve Enhancement Program (CREP) is a state 
and federal initiative to develop wetlands in strategic watershed locations to treat tile-drainage 
water from cropland areas (IDALS 2016).  The increased retention time in CREP wetlands allow 
sediment to stratify and settle to the bottom. The large degree of sedimentation reduces the 
amount of phosphorous loss bound to soil particles. A study has shown wetlands are effective in 
reducing total phosphates in effluent water by 20-60% (Beutel, Morgan et al. 2014).  As water 
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slowly travels through a wetland, denitrifying bacteria living in the wetland environment remove 
19-90% of nitrates (Dinnes, Karlen et al. 2001). 
Farming operations are encouraged to maintain a 75-foot buffer from the edge of stream 
banks and permanent vegetation should be planted and managed for sediment control sometimes 
referred to as filter and/or buffer strips (IDNR 2006). Where the water table is high, vegetated 
riparian zones can enhance denitrification. Bank stabilization utilizes vegetation or structural 
controls to stabilize and protect stream banks of waterways from direct contact with the water 
column of the stream (Zaimes and Schultz 2015). Plant roots in the stream bank anchor soil 
aggregates and provide resistance to the flow of water, decreasing peak flow rates and soil 
erosion (NRCS 2016). Substantial reductions of sediment loads in watersheds have been 
observed when stream banks are restored, particularly during peak flow events (Tuppad, Kannan 
et al. 2010). A study conducted by Narasimhan et al. (2007) looking at in-stream BMPs 
attributed a 15% reduction in sediment loads to stream bank stabilization.  
Grass waterways (GWW) are installed in natural depressions or constructed channels 
designed to transport excess water across farmland without causing soil erosion. Perennial 
vegetation is seeded in areas where rill or gully erosion is most prevalent to provide resistance to 
the flow of water and hold the soil particles together during storm events (Meyer, D et al 2007). 
A paired watershed study investigating GWWs design efficiencies reported a reduction on total 
sediment delivery of 77%- 97% (Fiener and Auerswald 2002--). The positive impacts of GWWs 
are detected in downstream water quality due to the reduction in sediment bound phosphorous 
lost from surface erosion.  A study conducted by Briggs et al. 1999 studying the remediation 
capability of GWW found a 47% reduction of runoff volume compared to when one was not 
present under a similar set of conditions 
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2.6.2. In-field BMPs 
Cover crops reduce soil erosion and take up nitrate during periods between the harvest 
and the establishment of a crop. When used in a long-term rotation, they work to improve soil 
structure, increase soil organic matter, increase the water-holding capacity smother weeds, 
control pests and disease, and improve water quality as well as nutrient retention (Arbuckle 
2010). Extending the time of an active root system in the field increases the infiltration rate and 
slow the movement of water and sediment off the field (Rimski-Korsakov, Zubillaga et al. 2016). 
Cover crops can be drilled in the fall at harvest or broadcast directly into the crop.  Studies have 
shown that cover crops are efficient at reducing nitrogen runoff because they actively scavenge 
the residual nitrogen from the soil (Aronsson, Hansen et al. 2016). There are also measured 
reductions of total phosphorous in its sediment bound form. Although in its soluble form, cover 
crops are less efficient at reducing dissolved reactive phosphate, which is released from the roots 
during freeze-thaw periods (Ogaard 2015). 
Tillage acts to improve seed-soil contact, incorporate nutrients, warm and dry soil, 
manage weeds, incorporate residue, and or create a more uniform surface for secondary 
operations (Hanna, M. et al, 2002). The degree of soil disturbance depends on the implement 
type and the number of passes over the field. In the upper Midwestern United States, moldboard 
plow, chisel plow, strip-till, no-till, sub soiling, and disking are commonly used forms of primary 
tillage in corn and soybean systems. Conventional tillage manipulates the entire surface of the 
field with multiple fall or spring plowing followed by one or more passes with secondary forms 
of tillage, leaving the surface relatively void of any plant residue and susceptible to wind and 
water erosion (Kassam, Friedrich et al. 2009). In contrast, conservation tillage requires a 
minimum 30% of the soil surface remain covered to reduce the potential for wind and water 
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erosion. No tillage, minimum tillage and reduced tillage are forms of conservation tillage, with 
varying degrees soil residue cover (Opara-Nadi, 1993).  
Leaving a residue cover on the soil surface diminishes the impact of raindrops allowing 
formation of stable soil aggregates, reducing soil loss due to water erosion (R.Q. Cannell 1993).  
A 6-year comparison study reported a soil loss of 20.5 ton ha -1 yr-1 under conventional tillage 
and 2 ton ha-1 yr-1 switching to conservation tillage in a corn-soybean system, with a 9% slope on 
silt loam soils (Baeumer and Bakermans 1974). Increased aeration and plant residue in the soil 
stimulates a microbial response to rapidly breakdown soil organic matter (Kassam, Friedrich et 
al. 2009). In 2012, 15.8 million acres of conservation tillage were managed in Iowa including 7.0 
million acres of no-till (NASS 2018). 
Terraces are earthen embankments constructed perpendicular to a hill slope in order to 
reduce surface water runoff reducing the amount of soil loss. Terraces are placed at intervals that 
decrease the length and velocity of water traveling down the slope (Huffman et al. 2013). 
Terraces are specifically graded to control and slow the movement of water off the field to 
reduce gully and rill erosion (Gilley, Risse et al. 2002). A 50-year study analyzing soil 
conservation practices in the loess soils of China found increased infiltration rates and decreased 
soil and water loss from slopes where terraces were present (Xu, Li et al. 2012). The increase in 
water holding time allows some of the nitrogen being transported by the runoff to infiltrate back 
into the soil (Tuppad, Kannan et al. 2010). Terraces are best at reducing sediment bound 
nutrients like phosphorous. A study researching innovative management of agricultural 
phosphorous reported P losses of 3.9 kg ha-1 yr-1 on a terraced slope compared to 10 kg ha-1 yr-1 
losses with no terracing (Sharpley, Kleinman et al. 2001).    
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A nutrient management standard developed by the Natural Resource Conservation 
Services provides farmers guidance on managing the rate, source, placement and timing of the 
application of plant nutrients and soil amendments in order to minimize nonpoint source 
pollutants from surface and ground water resources while maintaining or improving the physical, 
chemical and biological conditions of soil. Nutrient management involves a better interface with 
fertilizer application and the timing of crops nutrient needs. Such practices include budgeted 
supply of nutrients for optimum plant production, utilizing organics as a plant nutrient sources, 
5-year soil tests, manure testing for current nutrient ratios, and filed-injecting manures when soil 
is 50 degrees F or below to minimize environmental loss (USDA, NRCS 2016). 
Nitrate has a low sorption potential and if no plant is present to utilize the nitrogen, 
precipitation transports nitrate towards streams and groundwater resources (Castellano et al, 
2012). Fall applied nitrogen fertilizer assumes a portion will be lost to the environment via 
denitrification and runoff. Nitrification inhibitors injected with anhydrous ammonia applied in 
the fall increases the amount of available N in the spring and decreases NO3–N loss (Timmons 
1983). Split applying N multiple times a growing season reduces the potential for losses and side 
dressing N increases the potential for root zone uptake. The rate and application of N can be 
optimized for the crop nutrient requirements at different growth stages. Changing from fall to 
spring pre-plant application of N reduces NO3–N losses by about 6% (USDA, NRCS 2016). 
Soil testing coupled with variable rate application addresses heterogeneousness of soils 
within a field and can improve application efficiency as well as crop yield (Bermudez and 
Mallarino 2006). Single rate application uniformly applies nitrogen across the entire field despite 
evidence that crop N requirement vary widely within fields (Lory 2003). Manure as a source of 
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nitrogen fertilizer reduces the need for synthetic N and has additional benefits such as carbon, 
phosphorus and other organic nutrient inputs.  
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CHAPTER 3: AN ANALYSIS OF BMPs AND THEIR COMBINED EFFECTIVENSS AT 
REDUCING NITRATE-NITROGEN EXPORT TO THE BLACK HAWK LAKE 
WATERSHED, IOWA 
 
3.1. Introduction 
 Pollution from agricultural runoff is a major cause of surface water impairment in 
the United States and is directly related to hypoxia in the Gulf of Mexico (Slamdot 2016). 
Nutrient enriched water increases net primary productivity where elevated respiration leads 
tosubsequent hypoxic conditions, where oxygen levels are insufficient to support life (T. C. 
Daniel 1998, NOAA 2015). The effects of NPS pollution are not only evident in the Gulf, but in 
Iowa’s surface water bodies as well (CARD 2005). Iowa surface water bodies continue to violate 
water quality standards. In compliance with Section 303(d) in the Clean Water Act (US EPA 
2016), Iowa listed 571 impaired water bodies with a total of 754 impairments in 2015 (IDNR, 
2015). The most frequently identified causes for stream and river impairments are indicator 
bacteria (E. coli), biological impairments and fish kills. For lakes, the impairments are largely 
attributed to algal turbidity, pH (related to algae), suspended sediment, and indicator bacteria (E. 
coli) (IDNR, 2015). 
There are two primary inputs of N to surface waters: surface runoff and artificial 
subsurface drainage primarily in the form of NO3–N Artificial drainage has transformed the 
Upper Midwestern United States from wetland, swamps and prairie, to some of the most fertile 
agricultural land in the world. The production of corn (Zea mays L.) and soybean [(Glycine max 
(L.)] in many poorly drained soils would not be practical if not for the induction of subsurface 
tile drainage systems (Green, Tomer et al. 2006). Iowa contains 12.6 million tile drained acres 
across 23.3 million acres of corn and soybeans, the most of any State in the US (USDA 2016, 
NASS 2018).  The network of underground tile drains enable row crop production and improve 
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crop yields in poorly drained soils by lowering the water table, thereby limiting saturation of the 
root zone and plant asphyxiation. Drainage also improves field conditions for planting and 
harvesting equipment (Zucker and Brown, 1998). However, these underground pipes provide a 
direct pathway for soluble nutrients to enter surface waters and discharge from tile drainage 
systems regularly shows high concentrations of NO3-N and other farm inputs (Ikenberry, Soupir 
et al. 2014). 
Nitrogen enters water through two primary pathways; 1) leaching to the shallow 
groundwater through the soil matrix, and 2) preferential flow through macrospores. Studies have 
reported NO3-N exported by river systems ranged between 20-50% of the net N inputs to the 
watersheds (Drinkwater 2009). A paired watershed study located within the Lyons Creek 
watershed, North Central Iowa, observed average NO3–N concentrations of 14.7 mg N L-1 and 
maximum concentrations of 29.3 mg N L-1 in a 250 ha watershed over a two year period 
(Schilling, Jones et al. 2013). Another study of tile N concentrations observed average loads of 
44 kg NO3–N ha-1 and maximum NO3–N loads of 109 kg ha-1 (Zhao, Christianson et al. 2016).  
There is evidence that land management changes at the watershed-scale can positively 
affect water quality (Álvarez, Valero et al. 2017). Agricultural best management practices 
(BMPs) are methods in agricultural land management that can be channeled towards achieving 
multiple positive environmental outcomes, including water quality improvement. A wide variety 
of agriculture BMPs exist, including in field and edge of field strategies (IDALS 2016). The 
potential for BMP practices to re-couple C and N cycles to improve N retention is supported by 
ecological and biochemical theory and long-term agroecosystem studies (Schilling and Wolter 
2007, Drinkwater 2009). BMPs also help to safeguard other ecosystem functions such as carbon 
sequestration, and fish and wildlife habitat, and fisheries.  Little research exists on how multi-
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process practices effect water quality in small and mid-sized watersheds (Mulvaney, Khan et al. 
2009).  
Targeted BMPs such as wetlands, are effective in reducing total phosphates by 20-60% 
(Beutel, Morgan et al. 2014).  As water is retained in the wetland, 19-90% of nitrates can be 
removed from effluent water (Dinnes, Karlen et al. 2001). Perennial cover, including riparian 
buffer zones and filter strips, have been shown to influence the amount, timing and pathway of 
water, sediment, and nutrients during vulnerable leaching periods in the spring and fall (Schilling 
and Wolter 2007, Zaimes and Schultz 2015, Osborne 2016).  
The objective of this study is to evaluate the effects of BMP implementation on N export 
in drainage water. Specifically, this study expands upon previous work by 1) partitioning NO3–N 
loads by their event and base flow contributions; 2) evaluating the effectiveness of BMP 
implementation at the watershed scale via paired subwatersheds; and 3) comparing NO3–N 
concentrations and loads in drainage vs. surface pathways. Given the context of Iowa’s industrial 
agricultural and existing water resource funds, BMPs are the primary way of modifying land 
management practices on croplands to reduce erosion and nutrient runoff. An increased 
understanding of the effects of multiple BMPs on N losses during a range of climate conditions 
will help with water quality improvement projects and could identify target areas to best allocate 
resources for water quality improvement projects and for reduction of environmental losses. This 
can also inform designs and provide information on the scale of implementation needed to meet 
water quality objectives. 
3.2. Materials & Methods 
Black Hawk Lake (BHL) is located in northwest Iowa and lies within the North Raccoon 
River HUC-8 and Indian Creek-North Raccoon River HUC-10 watersheds. The lake itself is 
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1373 hectares and contains 18.3 km of shoreline. BHL is the southern-most glacial lake in Iowa. 
An outlet discharges over a spillway before entering the North Raccoon River. The Iowa 
Department of Natural Resources (IDNR) maintains and operates Black Hawk State Park and 
Black Hawk Wildlife Management Area, both adjacent to the lake.  Due to its glacial origins, the 
lake is very shallow with a maximum depth of 4.6 meters and an average depth of 1.8 meters. 
The lake is designated for primary contact use and is a major recreation destination with over 
146,000 annual visitors and $19 million in annual capital for local communities (CARD 2005).  
In 2004, BHL was added to the 303(d) Impaired Waters Listing for algae and turbidity and in 
2008 it was also added to the 303(d) list for indicator bacteria. A total Maximum Daily Load 
(TMDL) for the lake’s algae and pH impairments was approved by the U.S. EPA in 2012. 
 
Figure 1: ISU and IDNR Monitoring Locations in the Black Hawk Lake watershed, Iowa. 
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3.2.1. Watershed Characteristics 
 BHL Watershed is located in Sac and Carroll Counties, Iowa (Figure 1), in an intensively 
managed and tile drained agricultural landscape, situated within the terminal moraine of the Des 
Moines Lobe. A unique feature of this watershed is that it drains south to North.  This landform 
region is characterized by gently rolling hills and a profusion of prairie pothole depressions. 
Many of these potholes have been drained with tile-drainage systems to increase agricultural 
production. Based on the TMDL created in 2012, approximately 68% of the watershed is 
assumed to have tile drainage (CARD 2005).  The BHL watershed has a drainage area of 5,324 
hectares (excluding the lake). The majority of the watershed is utilized for row crop production 
with land use distribution comprised of 47.4 % corn, 21.2 % soybean, 9.1% grass/hay/pasture, 
8.9 % water, 2.8% wetlands, 0.9 % forest and 9.6% developed/other use (USDA 2016).  
 This region of Iowa is conducive for corn and soybean production due it its soil fertility 
level, gently sloping topography, and abundance of tile drainage. The 10-year corn yield 
averages for Carroll and Sac Counties are 174 bu. ac-1, and 179 bu. ac-1 respectively. 10-year 
soybean yield averages are reported 51 bu. ac-1 soybeans and 53 bu. ac-1 respectively (NASS 
2018). However, since 2014, Sac and Carroll counties have reported exceptionally high corn and 
soybean yields near 200 bu. ac-1 corn and 60 bu. ac-1 soybean.  
The climate is typical of the Midwest, with most of the annual rainfall occurring between 
late spring though early fall. Spring and summer rainfall can be intense with large amounts of 
rain occurring in short time spans.  High intensity rainfall increases the potential for localized 
flooding and soil erosion. The 30-year average precipitation for the Black Hawk Lake watershed 
is 84.3 cm yr-1 (PRISM 2018). 
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3.2.2. Monitoring Sites 
 Monitoring occurs in three of the lake’s 15 subwatersheds: subwatershed 8, 11 and 12 
(Figure 2). Sites are named according to sample type:  surface water collection points (‘S’) or 
samples coming from a subsurface drainage tile (‘T’), and they are also named according to the 
subwatershed where they are located.  Surface samples are collected from subwatersheds 8,11 and 
12 and drainage flow samples are collected at subwatersheds 8 and 12. The sampling sites are:  
S8, T8, S11, S12, and T12.    
Subwatershed 8 is the largest of the three monitored subwatersheds and has an area of 
822.5 hectares. The subwatershed is extensively tile drained and a 91 cm (36-inch) diameter 
drainage district tile discharges just upstream of the subwatershed outlet. Samples are collected 
from the tile outlet (T8) as well as from a grassed waterway (S8), which discharges into a 
drainage ditch at the same monitoring location. A weir was constructed at the grassed waterway 
discharge location to aid in sample collection and flow monitoring. The surface flow must 
vertically drop several feet before continuing; this effectively prevents the surface and drainage 
flow from mixing. Sites T8 and S8 are located slightly upstream of the subwatershed outlet, 
however, elevated berms along the channel between the monitoring sites and the subwatershed 
outlet prevent runoff from entering the channel. Thus, the two monitoring sites are accurate 
representations of the total surface and drainage outflows from the subwatershed.  
Majority land use is in row crop production (85%) with 56.3% corn and 43.7% in a S-C 
rotation. The remainder of the watershed is comprised of 7.5 % grass/pasture/hay, and 6.9 % 
developed. The subwatershed has few BMPs installed with about 17.4 % of the row-crop area 
using best management practices. Many of the BMPs established are fairly far from the sample 
collection sites. In 2017, BMPs included 89 ha of nutrient management plans, 1.1 km of terraces, 
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30 ha of No-till/strip till, 7.1 km of GWW and 74 ha of cover crops.  Qualitative assessment 
indicates the upper reaches of the GWW have poor establishment and cover crops that were 
adopted late in the season but before NRCS recommended planting date before November 1st 
before winter temperatures reduce net primary productivity (USDA, NRCS 2016). Initial 
establishment and extent of cover crop coverage plays a crucial role in its ability to cycle 
nitrogen and reduce erosion. Many of the BMPs established are fairly far from the sample 
collection. Subwatershed 8 also contains 2 Animal Feeding Operations, one open feedlot and one 
confinement. Manure is expected to supplement surrounding fields as an organic fertilizer 
source.  Based on land records, 260 ha are known to be receiving manure.  
Subwatershed 11 has an area of 229.4 hectares.  Surface flow samples are collected from 
the middle of a concrete culvert (S11). Flow through the culvert occurs nearly year-round, which 
indicates a likely upstream drainage source. The majority land use is in row crop production 
(94%) with 81% corn and 19% in S-C rotation. The remainder of the watershed contains 4% 
developed land and 2.0% grass/pasture/hay area.  
Similar to subwatershed 8, this subwatershed has few BMPs and implementation covers 
30.0% of the subwatershed area. These BMPs are located far from the surface water sampling 
location, which suggests short resonance time and little BMP impact on water quality. BMPs 
include 57 ha in nutrient management plans, 0.5 km of terraces, 39 ha of no-till/strip-till and 38 
ha of cover crops, and native perennial grasses and forbs. A CREP wetland was installed 
downstream of the culvert monitoring location between the summer of 2013 and the summer of 
2014. Subwatershed 11 contains one confined AFO, 98 ha are known to be receiving manure.  
Subwatershed 12 contains 221.23 hectares. Equivalent to subwatershed 8, this area 
contains a segment of drainage district tile. Sample collection occurs on both sides of a concrete 
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culvert; surface flow samples are collected upstream of the culvert (S12) and drainage flow 
samples are collected from a 40cm (15.5-inch) diameter tile located on the downstream side of 
the culvert (T12) before discharging into the stream. The majority of the subwatershed is in row 
crop production (91%), with 43% in corn and 57% soybean rotation. The remainder of the area is 
developed (4.0 %) or pasture/grass/hay land (5.0%). 
 Unlike the other watersheds, Subwatershed 12 is classified as high BMP implementation 
with 87.9% of the area utilizing BMPs. A portion of the watershed is owned by a conservation-
oriented farmer and was featured in National Geographic for their continued dedication to 
reducing agricultures environmental impact on the landscape (Royte 2017). Installed BMPs 
include 165 ha of nutrient management plans, 4.5 km of extensive terrace work, 12 ha of cover 
crops, 12 ha no-till, and 35 ha of CRP filters and a buffer of native perennial grasses and forbs 
right at the sampling location. In 2018, a CREP wetland is to be installed to treat the discharge 
from the tile line. 
3.2.3. Subwatershed Comparison 
Soils are similar in each of the subwatersheds and aid in their comparisons (Carrol and 
Sca County Soil Survey 2014). The dominant soil type in the three subwatersheds is Clarion 
loam. Clarion soils are formed in glacial till, which typically have clay and sand contents of 18-
28% and 30-50%, respectively and are moderately drained. Nicollet loam is another glacially 
derived soil predominant in the subwatersheds. The A horizon is well drained however; the B 
horizon is dominated by clay with sand and clay contents of 24-35% and 20-35%, respectively, 
resulting in somewhat poorly drained soil. Webster clay loam is also common in each of the 
subwatersheds. Webster is a poorly drained soil is typically tiled. Finally, Coland clay loam 
accounts for 17.5% of the area of subwatershed 8. Coland soils are formed in alluvium and are 
  
26
poorly drained with typical clay and sand contents of 22-35% and 15-40%, respectively (USDA 
2016).  
The percentage of each subwatershed that would benefit from subsurface drainage was 
estimated using a Geographic Information System (GIS). The 2012 Iowa Cropland Data 
coverage developed by the United States Department of Agriculture (USDA) was used to 
determine the area of each subwatershed with row cropland cover (USDA 2016). Then, the Soils 
of Iowa coverage from the IDNR was used to determine the area of each subwatershed with soils 
with somewhat poorly drained, poorly drained, and very poorly drained soils (USDA 2016). 
Using the two data layers, all areas with row crop land cover and soils and soils with poor 
drainage were assumed to benefit from drainage. Estimated values were very similar in each of 
the subwatersheds; Subwatershed 8 had the greatest estimated subwatershed area benefitting 
from drainage, 45.3% of the subwatershed area, followed by subwatershed 11 (44.3%) and 
subwatershed 12 (39.7%). Overall, the entire subwatershed areas were assumed to contribute to 
drainage flow because subsurface flow can occur between areas benefitting from drainage and 
areas not benefitting from drainage.  
3.2.4. Data Collection 
Flow-weighted samples were collected bi-monthly using ISCO 6712 automated samplers 
from March-November of 2015, 2016, and 2017. Upon sample collection, individual ISCO 
bottles are placed on ice during transport to the laboratory, then kept at 4°C until processed. In 
addition, flow, velocity, and level were measured using ISCO 750 Area Velocity Flow Modules 
or ISCO 720 Pressure Transducer Modules. Level measurements using the pressure transducer 
modules were verified with Solinst Levelloggers. Weekly flow-weighted (WFW) and event 
flow-weighted (EFW) samples were separated after analysis of Flowlink’s hydrograph and 
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discrete sample time. Events were considered when hydrological conditions registered flow 
greater than 1.5 times baseflow at each site.  
A grab sample was obtained on each site visit, roughly every 2 weeks, as a backup in case 
the ISCO failed to adequately collect a flow-weighted sample, collection of manual flow data, site 
maintenance, and downloading of data on site, if necessary.  ISCO 674 Rain Gauges are installed 
in each subwatershed to collect precipitation data every 5 minutes however rain gauges blocked 
by bird debris or spider webs may have impacted precipitation measurements for all sites daily 
precipitation data.  Therefore, precipitation data was generated using data from the AN81d dataset, 
4km spatial resolution, from the PRISM Climate group at Oregon State University; this data uses 
National Weather Service radar corrected for terrain features.   
Water yields and drainage ratios were calculated for each of the three BHL 
subwatersheds. Water yields for each year of the study were calculated by dividing the total flow 
out of the subwatershed by the subwatershed area. Drainage ratios were then calculated by 
dividing the subwatershed water yield by the total subwatershed precipitation depth. 
3.2.5. Sample Analysis 
 The weekly and event-flow weighted samples were analyzed for NO3-N. Samples were 
partitioned and stored at 4°C prior to analysis. Samples are acidified to pH <4 until processed, 
usually within 48 hours of sample collection.  A 20 ml representative sample is filtered with a 
0.45 micron mixed cellulose membrane filter (EMD Millipore) followed by colorimetric analysis 
using a Seal Analytical AQ2 discrete multi-chemistry analyzer (Mequon, WI).  Samples are 
measured in accordance with Seal Analytical procedures EPA-126 and EPA-103 methods, 
respectively (USEPA 2014). Calibration curves were developed from appropriate analytic 
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standard prepared according to the published AQ2 method (USEPA 2014). Using this method, 
the detection limit for NO3-N is .03 mg N L-1.  
 Mean NO3-N concentrations were tested for normality and a two-sample t-Test was 
preformed to identify any significant differences between the analyte concentrations at the BHL 
monitoring sites baseflow and storm events, as well for surface sites (S11 & S12) tile sites (T8 & 
T12) and subwatershed 12 (T12 & S12) . Differences were considered significant for p-values 
less than or equal to 0.05.  
Water yields (WY) and the corresponding ratio of WY to precipitation termed drainage 
ratio (DR), were calculated for each of the three BHL subwatersheds. Water yields for each year of 
the study were calculated by doing a trapezoidal integration of the ISCO instantaneous flow rate 
with respect to time, to obtain the total subwatershed outflow volume, and then divided by the 
subwatershed area. Missing data was handled by substituted with weekly grab samples and manual 
flow measurements for WY calculations and NO3-N load estimates. In 2015, vandalism at site T12 
resulted in weekly grab sample substitutes for 2 months. Sometimes negative and zero flow 
measurements at S11 were inaccurately recorded during low flow conditions due to instrument 
sensitivity, and instantaneous flow rates with negative or zero values for several of the sites were 
removed before calculating the subwatershed WY’s.  In 2017, long periods of no or low flow were 
observed over July and August. 
Annual DR’s were then calculated by dividing the subwatershed WY by the total 
precipitation depth over the same time period.  The entire BHL subwatershed areas were assumed 
to contribute to drainage flow because interflow occurs between areas benefiting from drainage 
and areas not benefiting from drainages, and thus would be intercepted by drain lines or move in 
similar pathways. Additionally, farmers are unlikely to drain only parts of the field. 
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Figure 2. Locations of BHL watershed monitoring sites (stars) and best management 
practices for subwatersheds 8, 11, and 12. 
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Table 1. Subwatershed Properties  
*Soils with slope < 2%, drainage class of poor to very poor and a hydrologic group D 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: 2016 land use summary data for 822.5 ha subwatershed 8 (A), 229.4 ha 
subwatershed 11 (B) and 221.3 ha subwatershed 12 (C); Data was acquired through USDA, 
NASS CropScape.  
Property 
Subwatershed 
 8 
Subwatershed  
11 
Subwatershed 
 12 
Area (ha) 822.5 229.4 221.2 
Row-crop land use, % of basin 87 93 91 
BMP implementation, % of basin  22.5 30 87.5 
Slope, % 3.28 3.47 3.3 
  
Major soil types, % of basin area 
Canisteo Clay Loam 0.1 4 15.5 
Clarion Loam 51.5 51 50.7 
Coland Clay Loam 20 2.7 1.5 
Nicollet Loam 19.5 23.2 19.9 
Webster Clay Loam 8.8 19.1 12.4 
Area benefiting from draiange, % of basin 45.3 44.3 39.7 
Average. WY, cm 18.1 20.7 32.9 
Average. DR, % 20.5 24.3 37.6 
Beans
18.1%
Corn
76.1%
Beans
37.4%
Corn
48.2%
Beans
52.0%
Corn
39.2%
Beans
Corn
Developed
Grass/Pasture/
Hay
Other
A) B) 
C) 
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3.3. Results 
3.3.1. Precipitation 
 Precipitation patterns were variable during the study period (Figure 4).  During the 
monitoring period, precipitation was similar at each of the three BHL subwatersheds. Rainfall 
data ranged from 112.4-117 cm during the 2015 monitoring period, 79.5-82.1 cm in 2016 and 
76.9-80.5 cm in 2017.  2015 was the wettest year on record, there were 15 recorded events which 
had an average depth of 3.4 cm and an average intensity of 0.54 cm/h. Similarly, in 2016 there 
were 16 recorded events which had an average depth of 2.9 cm and an average intensity of 0.52 
cm/h, but a cumulative precipitation closer to the 30-yr average of 84.4 cm. 2017 only had 8 
registered events. Additionally, the timing of the events differed across the three years. In 2015 
and 2017, majority of the precipitation occurred in the late summer-fall whereas 2016 was close 
to average, then slightly above average during September, but dry during October.  2017 
experienced a wetter than average May-June period, but long periods of no drought during the 
summer.  
Average water yields for the three subwatersheds were 18.1 cm for subwatershed 8, 20.7 
cm for subwatershed 11, and 32.9 cm for subwatershed 12. Overall, average WY was consistent 
between the three subwatersheds, and similar to the 24.7 cm observed by Ikenberry et al. 2014 
and the 26.3 cm WY estimated for the entire Des Moines Lobe (IDALS, 2012). Drainage ratio 
was calculated using the correspond ratio of water yield to precipitation. Average drainage ratios 
for the three BHL subwatersheds were 20.5% for subwatershed 8, 24.3% for subwatershed 11, and 
37.6% for subwatershed 12.  
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Figure 4: Data for BHL watershed cumulative precipitation comparison from PRISM       
climatology dataset.  
 
3.3.2. Hydrology Patterns 
 Daily average flow exceedance curves were created for each of the three subwatersheds 
(Figure 5). Due to the variable precipitation patterns between 2015 and 2017, a range of flow 
conditions was recorded. Daily average flow for subwatershed 8 and 12 were calculated as the 
sum of the daily average flows at their respective surface and tile components. Daily average 
flow was highest in subwatershed 8 at 0.087 cubic meters per second (cms) followed by 
subwatershed 12 at 0.043 cms and finally subwatershed 11 has the lowest average daily flow rate 
at 0.026 cms. The shapes of the curves for each BHL subwatershed are similar, indicating 
comparable flows. Flow is sustained at a generally constant rate through the monitoring period, 
indicative of subsurface drainage influences (Schilling, Iowa Geological Survey et al. 2008).  
The highest flows (5% exceedance interval) were largest in subwatershed 12 at .503 cms and 
.463 cms in 8 and lastly .297 cms in subwatershed 11.  Most low-flow conditions were observed 
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in subwatershed 11 with no flow observed 8.3% of days. In contrast, zero flow was only 
observed 3.4 % of days in subwatershed 12 and 2.0% of days in subwatershed 8.  
 
Figure 5: Annual average flow exceedance curves from March to November in 
subwatersheds 8, 11, and 12. Daily average flow for subwatershed 8 and 12 were calculated 
as the sum of the daily average flows at their respective surface and tile components.  
 
3.3.3. Flow-Analyte Relationship 
Flow-weighted composite samples were generated for event flow and base flow; Event-
flow weighted (EFW) and Weekly–flow weighted (WFW) samples were analyzed for NO3-N. 
Mean annual NO3-N concentrations for the three-year monitoring period are presented in Table 
2. Nitrate loading patterns and flow-weighted concentrations are consistent with reported export 
of nitrates occurred primarily with base flow and although there was significant difference in 
WFW and EFW for T8, S12 and T12. No difference was observed in mean NO3-N for S11. Site 
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S11 had the highest mean NO3–N concentrations of 30.5 mg L-1, followed by T8 with 29.4 mg L-
1. These sites also have the lowest BMP implementation (22.5% and 30%). Subwatershed 12 has 
the greatest aerial extent of BMP implementation (87.5%) and sites S12 and T12 had lower mean 
NO3–N concentrations of 6.5 mg L-1 and 11.7mg L-1, respectively.  S8, the outlet of grass 
waterway, only registered 8 out of the 39 events and had a mean NO3–N concentration of 8.8 mg 
L-1. 
 All sites, S8, T8, S11, T12 and S12 were normally distributed for all years.  Because the 
samples were parametric, a two-sided t-Test was preformed at a 95% confidence interval, to 
compare differences in surface and tile drainage as well as low and high BMP subwatersheds. 
Table 3 defends statistically significant difference between tile sites T8 & T12 and surface sites 
S12 & S11 of mean NO3-N concentrations. There was also evidence of difference between 
surface and tile site concentrations in subwatershed 12 sites T12 & S12. Across all sites and 
watersheds, 2015 had the highest mean concentrations whereas 2016 and 2017 had similar 
average NO3-N concentrations. The data supports previous studies indicating tile drainage plays 
a significant role in NO3-N export and BMPs the level of conservation may explain the 
differences in mean concentrations between sites (Schilling and Wolter 2007, Helmers, Isenhart 
et al. 2008). 
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Table 2. Summary of NO3 –N concentrations in mg N L-1 measured at BHL sites. 
 
 
 
 
 
    
Statistic S8 T8 S11 T12 S12 
All samples 
 
NO3-N conc. 
                                            mg N L-1                                           _                                             
n 8 105 82 88 99 
Mean 8.8 29.4 30.5 11.7 6.5 
SD 2.8 7.8 10.2 2.6 4 
Median 8.7 28.3 28.3 11.2 6.8 
Max. 13 44 50 18.1 17.1 
Min. 4.1 12.1 11.7 4.6 0.0 
2015      
n 6 51 39 40 47 
Mean 7.9 35.7 38.4 13.2 8 
SD 2.7 5.2 8.4 2.9 4.4 
Median 7.6 36.9 40.1 13.2 7.8 
Max. 13 44 50.9 18.1 17.1 
Min. 4.1 17.9 16.7 5.5 0.2 
2016      
n 1 29 22 28 28 
Mean 10.3 25.6 23.2 10.4 4.4 
SD .. 3.1 5.9 1 2.5 
Median .. 25.8 23.1 10.5 4.3 
Max. .. 31.5 35.3 12.4 8.5 
Min. .. 15.9 11.7 8 0.0 
2017      
n 1 25 21 20 24 
Mean 12.6 20.8 23.3 10.6 5.9 
SD .. 4.6 4.1 2.2 3.2 
Median .. 21.1 23.7 10.8 7.5 
Max. .. 29.5 28.9 14.7 9.6 
Min. .. 12.1 13.6 4.6 0.0 
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Table 3. Two-sample, two-sided t-Test was preformed assuming unequal variances for 
NO3-N concentrations at 4 BHL sites; Baseflow (WFW), NO3-N concentration compared to 
event flow (EFW), NO3-N concentrations at each site were also measured. Differences were 
considered significant for p-values < 0.05. 
 
 
 
 
 
 
 
 
 
3.3.4. Flow Exceedance Curves 
Flow exceedance curves were developed for the daily average flow at each of the sites by 
dividing the daily average flow by the subwatershed area total; exceedance curves were not 
created for the grassed waterway (S8) because flow was limited to only large events (Figure 6).  
Curves were compared to the U.S. EPA recommended nitrogen limit of 10 mg N L-1 drinking 
water standard due to the lack NO3–N criteria specifically for lakes. Nitrate concentration 
exceeded the EPA drinking water standard during all flow conditions for sites classified as low 
BMPs, T8 and S11.  Subwatershed 12, characterized as high BMPs, shows a different scenario 
with tile discharge (site T12) hovered around the 10 mg N L-1 for all flow conditions, and surface 
discharge (site S12) below the drinking water standard for majority of flow conditions. T12 
violates the standard 71% of flows whereas S12 violates the standard 3.8% of flow conditions.  
Parameter Comparison p-value 
Tile concentration in low & high BMP 
subwatersheds. 
T8 & T12 1.61E-48 
Surface concentration in low & high BMP 
subwatersheds. 
S11 & S12 1.12E-50 
Tile and surface concentration in high BMP 
subwatershed. 
T12 & S12 6.37E-20 
Tile and surface concentration in low BMP 
subwatersheds. 
T8 & S11 0.4153 
 
Site T8 EFW & WFW 0.1117 
Site S11 EFW & WFW 0.0172 
Site S12 EFW & WFW 0.0701 
Site T12 EFW & WFW 0.3587 
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These results indicate that the highest 30% of flows are responsible for the vast majority 
of nitrate losses. The highest flows were accountable for 79.4% and 69.1% of S12 and T12’s 
total nitrate load. Analogously, the highest 30% of flows accounted for 60.9% and 61.2 % of S11 
and T8’s nitrate load, respectively. These results confirm that flow has a high influence on N loss 
but that the amount of influence varies by location, which is likely related to land management 
and BMP implementation level.  
3.3.5. Unit-Area Loads 
Nitrate load data was normalized by area to account for differences in subwatershed size. 
The EFW and WFW contributions vary year to year, but majority of nitrate export occurs in base 
flow (Figure 7).  For most years and most sites, 42-80% of NO3-N contributions occur in 
baseflow. Low EFW contributions from subwatershed 12 in 2015 may be in part be due to one 
missed event from T12 in May when field equipment was tampered with.  Grab sample and 
manual flow estimates were substituted for this time period at T12. Unit-area loads in 2015 for 
subwatersheds 11, 12 and 8 were 170 kg N ha -1, 128 kg N ha-1, and 106 kg N ha -1, respectively. 
The unit-area loads were similar at the subwatershed level for 2016 and 2017 and less than half 
of 2015’s estimates. In 2016 and 2017, unit-area loads for subwatersheds 8, 11 and 12 ranged 
from 30-38 kg N ha-1, 52-56 kg N ha-1, and 26-28 kg N ha-1 respectively. These results are 
similar but higher than other studies reporting a of range unit-area losses from 30 to 64 kg N ha-1 
(Gentry, David et al. 1998, Drinkwater 2009).  
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Flow per area exceedance curves from March to November for low BMP tile site (A) T8 and surface site (B) S11, and the 
drinking water standard of 10 mg N L-1, in kg per day; flow exceedance curves from March to November for high BMP tile site (C) T12 
and surface site (D) S12 with NO3-N loads compared to the drinking water standard of 10 mg N L-1 in kg per da
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3.3.6 Cumulative Loads 
Cumulative precipitation depths and NO3-N loads were computed during the monitoring 
period for each of the five sites and three subwatersheds during 2015, 2016, and 2017 and are 
displayed in Figure 8.  In 2015, subwatersheds 8,11 and 12, produced majority (61.7%, 70.3% 
and 60.9 % respectively) of the 3-yr cumulative NO3-N load.  In subwatershed 8, S8 contributed 
such a minor potion of the cumulative N load (less than 1%) that it was excluded from the graph 
and included with Subwatershed 8’s cumulative load.  
Subwatershed 8 and 11, low BMP watersheds, exported 60.2-81.0 % of their annual NO3-
N cumulative loads before June 1 in 2016 and 2017. This is despite 33.0-36.6% cumulative 
precipitation over the same time period. In 2015, cumulative load graphs have similar shapes, but 
over 60% of cumulative export occurred after June 1 for subwatersheds 8 and 11.  During 2015, 
majority of subwatershed 12’s cumulative load occurred before June 1, when only 25.9% of 
cumulative precipitation was received over the same time period. In more normal precipitation 
years (2016 and 2017), subwatershed 12 exports NO3-N loads at lower rates than subwatersheds 
8 or 11.  
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Figure 7: Black Hawk Lake watershed weekly flow-weighted (white) and storm event 
(blue) unit-area contributions for NO3-N load estimates in 2015 (A), 2016 (B), and 2017 (C) 
for subwatersheds 8, 11 and 12. Unit-area loads for subwatershed 8 and 12 were calculated 
as the sum of their respective surface and tile components. 
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Figure 8 A-I: Cumulative NO3-N loads and cumulative precipitation in subwatershed 8 for 
2017 (A), 2016 (B), and 2015 (C); cumulative NO3-N loads and cumulative precipitation 
observed in subwatershed 11 for 2017 (D), 2016 (E), and 2015 (F); cumulative NO3-N loads 
in subwatershed 12 for 2017 (G), 2016 (H), and 2015 (I) subwatershed. 
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C) 
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3.4. DISCUSSION 
3.4.1. Site Evaluation 
In low BMP subwatersheds, average annual NO
3
–N concentrations ranged from 20.8 -
35.7 mg L
-1 for tile discharge (T8) and 23.2 - 38.4 mg L-1 for and surface outlet (S11). High 
BMP subwatershed observed average annual NO
3
–N concentrations at tile and surface 
constituents range from 10.4-13.2 mg N L-1 (T12) and from 4.4 – 8.0 mg N L-1 (S12) (Table 2). 
Overall, there is strong evidence to suggest that the NO
3
–N concentrations among low and high 
BMP tile sites T8 & T12 and low and high BMP surface sites S11 & S12, are significantly 
different (Table 3).  Other studies have observed similar concentrations in intensively managed, 
tile drained agriculture landscapes. Previously, Lyons Creek watershed located in Central Iowa, 
was evaluated for NO3–N export from tiles draining 250-1096 ha subwatersheds for a 4-yr 
period.  Observed mean flow-weighted NO
3
–N concentrations ranged from 11.1-14.7 mg L
-1
 
with maximum concentration values of 21.6 - 28.4 mg N L
-1
 (Ikenberry, Soupir et al. 2014).  A 
number of watershed and regional-scale N budgets have found that fertilizer inputs of N correlate 
export of nitrate in water (Poffenbarger, Barker et al. 2017). Although BHL’s NO
3
–N 
concentrations are among the highest reported, they are not unusual of tile-drained agricultural 
landscapes in the Midwest (Gentry, David et al. 1998, Schilling, et al. 2008, Schilling, et al. 
2013) 
3.4.2. Temporal Variability 
In 2015, the BHL watershed received 52.0 cm more than the 30-year average (Figure 4). 
Over the last century, climate observations at regional and global scales revealed more common 
extreme events characterized by changes in temperature, precipitation, and energy balance with 
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direct impacts on local and regional water resources (NOAA 2015). There are indications that 
climate change will intensify the hydrologic cycle (Ahiablame, Sinha et al. 2017).  Observations 
of annual rainfall show increasing trends in the Midwest with about double the frequency of 
extreme precipitation events towards the end of the 20th century (Melillo et al., 2014). Recent 
climate change studies in the US indicate ongoing change to regional water budgets either in in 
longer periods of reduced water availability in the summer, or an increase of peak stream flow 
early spring (Mase, Gramig et al. 2017).  
The agronomic crop N demand depends on the type of crop grown and the number of 
growing degree days after planting. The recommended planting date for corn in the northwest 
and central region of Iowa is between April 15th and May 18th for a 95-100% potential yield 
(Abendroth 2010). Peak nitrogen demand occurs about 60 days after emergence, or when the last 
branch on the tassel is visible (GRDC 2013). Under this assumption, periods with high nitrate 
loss in early season occur when plant nitrogen demand is very low. From June 1 through the rest 
of the growing season, less N is lost from systems due to high agronomic demand and lower flow 
conditions. Soybean recommended planting date for this part of Iowa is April 25th when soil 
conditions are suitable. However, soybeans are typically planted after area dedicated to corn is 
planted. The USDA, NASS on average, only 61 % are planted by May 20th according to USDA, 
NASS (Pedersen 2007). This may explain why the cumulative load rate for subwatershed 12 in 
2015 was higher compared to 2016 and 2017 years due to a larger proportion of area in soybean 
production vulnerable to early spring environmental losses.  
3.4.3. Impact of Multiprocess BMPs 
Monitoring locations had fairly similar characteristics, particularly when comparing 
subwatershed 11 and subwatershed 12. Despite the lack of a calibrations period, there was 
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relatively little change in the subwatershed practices or BMPs. (King 2008), suggests that 
differences in watershed characteristics between paired watersheds should be less than 25% if 
they are to be a considered suitable for comparison. Table 1 summarizes their relationships 
including average slope, soil properties, and comparable flows throughout the monitoring 
seasons (Figure 5).  Subwatershed 11 characterized as low BMPs and subwatershed 12 as having 
high BMP implementation. Subwatershed 12 experienced 64.5% less NO3-N export compared to 
subwatershed 11 over they three year study period and had significantly lower mean NO3-N 
concentrations.  
 
The relative contribution of each practice to the weighted level of nitrate reduction is 
unclear, however landscape position and multiprocess BMPs contribute to NO3-N dynamics. The 
multiprocess BMPs in subwatershed 12 may be responsible for lower cumulative nitrate loads 
compared to subwatersheds with differing levels and types of practices. BMPs such as terraces, 
reduced tillage, cover crops, NMPs, and CRP cover 87.9 % of the drainage area with a buffer of 
native perennial grasses right at the surface sampling location. Another study reported that NO3-
N concentrations in tile water were reduced by 34-84% for alfalfa (Medicago sativa L.) and 5 to 
82% for Conservation Reserve Program (CRP) land when compared with a corn–soybean 
rotation (Randall, Huggins et al. 1997).  In subwatershed 11, NMPs, reduced tillage, cover crops 
and terraces are all BMPs are located away from the surface water sampling location, which 
suggests little BMP impact on water quality. Limited data is available on acres receiving manure, 
subwatershed 11 contains one confined AFO with 98 ha are known to be receiving manure, 
which suggests that the nitrogen supply may be higher in this system than in most, whether from 
natural or agronomic influences.  
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Not all BMPs are equally effective at nutrient reduction.  It is important to consider 
specific reduction goals and target BMPs that will address any specific nutrient or biological 
impairment. Lemke (2011), reported that widespread adoption of grass waterways, buffers, and 
strip tillage in large tile-drained watershed (4000 ha) in Illinois did not result in significant NO
3
-
N reductions during a 7 yr. period. Another 7 yr. Iowa study at the plot scale (50.5 m x 42.7 m), 
observed a cover crop of rye (Secale cereal L.) in a corn-soybean rotation reduced NO
3
–N 
leaching losses 29 kg ha-1 yr-1 (26 lb. ac-1 yr-1) compared to no cover crop (Kaspar, T. 2007).  
Edge of field BMPs such as riparian zones near surface water can enhance denitrification and 
actively growing perennial vegetation utilizes nitrogen that would otherwise be lost in base flow 
(Helmers, Isenhart et al. 2008). Other edge-of-field BMPs strategically place wetlands on 
agricultural landscapes to remove up to 60% of the total inlet NO3-N (Groh, Gentry et al. 2015). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
47
CHAPTER 4: CONCLUSION 
 
4.1. Conclusions 
 
The Black Hawk Lake Watershed study demonstrates the importance to monitor at the 
catchment-scale in order to observe BMPs impact on water quality in tile-drained, intensively 
managed, agricultural landscapes.  Documenting the effectiveness of multiprocess BMPs in tile-
drained agricultural landscapes is needed to justify the billions of dollars allocated in the United 
States to improve the nation’s water quality. The responsiveness of watersheds at this scale helps 
understand these relationships faster compared to larger scale water quality studies which require 
a longer time to detect impacts of land use change (Schilling and Wolter 2007, Meals, Dressing 
et al. 2009).  Minus the absence of a calibration period, subwatershed properties were 
comparable (Table 1). Differences in agricultural management activities were minimal except for 
the level and types of conservation practices (Figure 2). Overall, Subwatershed 12 experienced 
64.5% less NO3-N export compared to subwatershed 11 in the three yr. study period and had 
significantly lower mean NO3-N concentrations (Table 3).  
Mean annual NO3-N concentrations were significantly different between high and low 
BMP subwatersheds at most tile and surface monitoring sites with the greatest export occurring 
in base flow (Figure 7 & Table 2). Although the lake downstream is not for drinking water 
purposes, in the absence of lake NO3-N criteria, given this regions influence on drinking water 
supplies, a comparison was made to the EPA drinking water standard limit of 10 mg N L-1.  This 
standard was violated during all flow conditions for low BMP sites T8 and S11 (Figure 6). In 
subwatershed 12, NO3-N concentrations remained below or near the standard during majority of 
flow conditions for sites T12 and S12. In addition, the highest 30% of flows were responsible for 
the majority of total nitrate export in all sites for all years.  
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These results confirm that flow and BMP implementation level may have a large 
influence on NO3-N loss in both surface and tile drainage.  A greater understanding of manure-
applied areas may be important to consider in the future exploration of nitrogen dynamics in 
subwatershed 11. 
There is increasing discussion about climate change and its potential impacts on 
agriculture. A recent study focused on Iowa farmers found nearly 70% of respondents held the 
belief that climate change is occurring (Mase, Gramig et al. 2017). Agriculture crop production 
is reliant on predictable temperatures as well as timing and amount of precipitation, particularly 
during critical stages of plant development. Climate change leaves this industry particularly 
vulnerable to expected increases in extreme weather events including extreme heat and droughts 
we well as more frequent and large events in early parts of spring (Melillo et al., 2014).  
Climate change is already effecting the risk assessments and behaviors among 
Midwestern U.S. farmers. Many farmers are already taking steps are needed to prepare for 
increased climatological events such as buying drought tolerant seed and increased investment in 
tile drainage systems in anticipation for increased precipitation early in the season. However, 
increased drainage will increase mineralization of organic nitrogen, decrease soil retention, and 
increase the water volume discharge, aggregating flashy downstream stream responses. Resilient 
systems are necessary when looking to the future of the world’s corn and soybean demand. 
Multiprocess practices that rely on both fertilizer application rates (NMPs) and utilization of 
actively growing roots of perennial cover are required to address the most vulnerable leaching 
periods.  
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4.2 Future work 
Agricultural BMPs are needed on the landscape to address vulnerable time periods when 
farming systems are most susceptible to environmental losses. In order to meet Iowa’s Nutrient 
Reduction Strategy target goal of reducing nitrogen export by 41% and phosphorus by 30%, 
conservation action requires an integrated approach (Kling 2013). While monitoring data is 
essential for understanding agroecosystem, future studies should work to model multiprocess 
BMPs water quality improvement goals at the watershed scale. Models ability to simulate 
environmental response given a set of parameters is beneficial in targeting limited funding and 
can be useful to help shape and inform policy decisions. Modeling the seasonal effectiveness of 
BMPs that target of both the hydrology and nitrogen supply in corn and soybean systems are 
necessary rather than only focusing on fertilizer timing and application rate.  Creative markets 
and policy actions are needed to encourage sustainable agriculture strategies and recognize the 
benefits of ecosystem services and retaining nutrients in agroecosystems.   
While some practices seem clear as the best choice regarding conservation, like retiring 
sensitive acres to CRP or converting them to alternative perennial crops, it is important to 
remember that given current land values and narrow return margins, it is generally not seen as 
economically feasible at this time.  Future catchment scale monitoring projects should include an 
economic assessment of BMPs and their ecosystem services. An understanding of the nitrogen 
cycle and risk of environmental losses may financially motivate land managers to employ BMPs. 
Ultimately, there are environmental costs of food production and constraints on farmers 
regarding the implement conservation practices in our current agricultural framework. An 
evaluation of barriers to BMP implementation should be considered if we expect to see more 
practices on the landscape.  
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